After the discovery of fullerene and carbon nanotubes, various carbon nanomaterials were discovered or synthesized. The carbon nanomaterials have remarkable properties, different from bulk materials with the same chemical composition, and are therefore useful for industrial applications. However, the toxicity of nanomaterials may also differ from that of the bulk materials; this difference poses a concern. The physical similarity of nanomaterials to asbestos has led to evaluations for toxicity by many researchers using various methods. In this review, we compile and compare the toxicity evaluations of each carbon nanomaterial.
INTRODUCTION
Carbon is one of the most common elements, and graphite and diamond were long recognized as its allotropes. In 1985, the discovery of fullerene (a.k.a. C60, buckyball, or Buckminsterfullerene) by Kroto and Smalley was epochal as it introduced the third allotrope of carbon 1) . Thereafter, carbon nanotubes (CNTs) were discovered by Iijima et al. in 1991 2) . These new carbon nanomaterials had better properties than conventional materials and thus gained prominence. However, the toxicity of nanomaterials was concerned because of their surface area and reactivity. Especially, the physical similarity of CNTs to asbestos has led to evaluations for toxicity. In this review, the toxicity evaluations of each carbon nanomaterials using various methods were compiled and compared. Fig. 1 shows typical carbon nanomaterials. Fullerene consists of more than sixty carbon atoms linked via hexagonal and pentagonal rings. Fig. 1a shows the structure of C60, which is composed of sixty carbon atoms. The existence of C60, whose diameter is as small as 0.71 nm, was predicted by Osawa 4) in 1970, before its discovery by Kroto et al. A variation of fullerene, the higher fullerenes, which consist of more than 60 carbon atoms (e.g., C70, C76, C78, and C82), and the metal-encapsulated fullerenes, which encapsulate transition elements (e.g., Sc, Y, and lanthanides) in the fullerene cage, were also discovered. CNTs are composed of a graphene sheet rolled up into a tubular structure. CNTs comprising a single layer are called single-walled carbon nanotubes (SWCNTs) (Fig. 1b) , and those comprising multiple layers are called multi-walled carbon nanotubes (MWCNTs) (Fig. 1c ). CNTs width ranges from a few to tens of nanometres, but their lengths range from less than a micrometer to a few millimeters. Other carbon nanomaterials were also discovered: carbon nanohorns 4) consisting of cone-shaped tubular graphene (Fig. 1d ), and carbon nanocapsules 5, 6) consisting of multi-layered polyhedrons of graphene. Fig. 2 shows the transmission electron microscope images of CNTs, bundled SWCNTs (2a), radially grown SWCNTs (2b), MWCNTs (2c), and carbon nanocapsules (2d). TOXICITY EVALUATION OF CARBON NANOMATERIALS The peculiar toxicity associated with nanomaterials that are different from bulk materials of the same chemical composition has been a concern. In particular, tubular materials with a high aspect ratio, e.g., CNTs, are suspected of showing asbestos-like toxicity because of their similarity in shape. Fig. 3 shows the trend of toxicity reports on carbon nanomaterials. The number of reports on the toxicity of carbon nanomaterials has increased since 2005. Initially, the reports focused mostly on fullerene and SWCNTs, but after 2008, the number of reports on MWCNTs suddenly increased, as they are industrially useful. Details of the reports are described in the following sections. Also, reviews of the toxicity evaluation of carbon nanomaterials have been published [7] [8] [9] [10] [11] [12] [13] [14] . Animal experiments on C60 toxicity were conducted using rats and fishes. Chen et al. 15) administered polyalkylsulfonated C60 dispersion orally, intraperitoneally, and intravenously. No lethal damage was observed by oral administration, but the median lethal dose (LD 50 ) was estimated as 600 mg/kg in intraperitoneal administration. C60 injected intraperitoneally or intravenously accumulated in the kidney and induced nephropathy. The inhalation toxicity of airborne nanomaterials and nanoparticles was also a concern; therefore, the intratracheal administration 28) or aerosol inhalation 29) was also examined. Sayes et al. 28) reported no lethal damage for intratracheally administered C60 and fullerol. Baker et al. 29) observed no gross or microscopic lesions at necropsy after inhalation of C60 aggregate aerosol. Protein concentration increased in the bronchoalveolar lavage fluid (BALF), but the toxicological effect was minimal. In vivo toxicological studies using fishes 19, 27, 32) reported significant lipid peroxidation in the brain, a decrease in the hatching rate of the zebra fish embryo, and fin malformation. Such C60 toxicity could be decreased by a dose of antioxidant, thus the damage was presumed to be caused by the generation of peroxides or free radicals. In contrast, the antioxidant effect of C60 was also reported 38) , which suggests that the toxicity mechanism of C60 should be studied in detail.
CARBON NANOMATERIALS

Single-walled carbon nanotubes (SWCNTs)
SWCNTs were first synthesized by an arc-discharge deposit on a carbon electrode, but the mass production method of chemical vapor deposition (CVD) using hydrocarbons as the source was developed later. Metallic nanomaterials (e.g., Fe, Co, Ni, and Y) act as catalysts, and SWCNTs grow on those catalysts. Therefore, raw SWCNT products contain the metallic catalyst residue as well as amorphous carbons. The metallic catalyst residue could be removed by acid treatment, and the effect of such residues should be considered in the toxicity evaluation of SWCNTs. The toxicity reports on SWCNTs are listed in Table 2 .
In the cytotoxicity evaluation of SWCNTs, human alveolar epithelial cells (A549), human keratinocyte cells (HaCaT), and macrophages are widely used because of their relationship with respiratory, dermatological, and immunological toxicity. The studies examined cell types and estimation methods, and the results varied with the purity of SWCNTs. The effect of the residual metals in SWCNTs was reported by Pulskamp et al. 59) : the purified (catalytic metal removed) SWCNTs showed a low generation of reactive oxygen species. Wörle-Knirsch et al. 51) reported that the MTT assay of A549 showed a decrease in cell viability upto 40% after adding SWCNTs, but no viability decrease was observed by WST-1 assay as shown in Fig. 5 . The difference suggested that the toxicity representation depended on the assay method. Pertaining to the dependence on cell types, Herzog et al. 58) reported that EC 50 (50% reduction concentration in cell viability) of SWCNTs for A549 was higher than 400 g/ml, which is tens of times higher than those for human bronchial epithelial cells (BEAS-2B) and HaCaT. SWCNTs are less soluble in water than C60, and surface modification improves water solubility and guides the functional modification with organic ligands. Dumortier et al. 50) studied the toxicity of various derivatives of SWCNTs with B and T lymphocytes and macrophages. Highly water soluble modified SWCNTs were taken up into the cells without affecting cell viability, which suggested that the low agglomeration of modified SWCNTs caused low toxicity. In previous reports, cellular uptake of SWCNTs was also observed by fluorescence microscopy 45, 46) , but the uptake of SWCNTs was not related to cytotoxicity. Surfactants are also widely used to improve the water solubility of SWCNTs. Wick et al. 55) demonstrated that SWCNTs dispersed with a surfactant had a suppressed cytotoxicity. Therefore, the agglomeration of SWCNTs would strongly affect cytotoxicity. In animal toxicity evaluations, Huczko et al. 39, 40) first reported that SWCNTs did not induce any abnormalities by intratracheal instillation, eye instillation, and the patch test for skin. However, neither the properties of tested SWCNTs nor the physiological representations were reported. Warheit et al. 43) evaluated the acute lung toxicity of intratracheally instilled SWCNTs in rats. SWCNTs produced non-dose-dependent series of multifocal granulomas. In the BALF biomarkers and lung cell proliferation tests, quartz particles produced a significant increase in pulmonary inflammation and cytotoxicity, but SWCNTs produced transient inflammation and cytotoxicity. However, Lam et al. 44) reported that SWCNTs induced dose-dependent epithelioid granulomas and interstitial inflammation stronger than those induced by quartz in a similar evaluation. The toxicity of SWCNTs occurred irrespective of whether it contained the residual catalytic metals or not. Shvedova et al. 60) demonstrated that vitamin E-deficient mice were associated with a higher sensitivity to SWCNT-induced acute inflammation and enhanced profibrotic responses. Vitamin E is generally known as the major antioxidant, and this report suggested that the toxicity of SWCNTs was caused by oxidative stress and was reduced by the antioxidant protection by vitamin E. Intravenously injected SWCNTs were mainly concentrated in the liver and spleen, but the absence of acute toxicity in the target organs was reported 54, 64) .
Multi-walled carbon nanotubes (MWCNTs)
The number of toxicity evaluations for MWCNTs has increased in recent years, as shown in Table 3 . The mass production process using catalytic chemical vapor deposition (CCVD), developed by Endo et al. 99) , reduced the cost of MWCNTs drastically, and the application of MWCNTs in industry, e.g., in batteries, was realized. As a result, the toxicity evaluation of MWCNTs became significant.
MWCNTs comprise several layers of graphene tubes stacked in concentric circles, and their diameter is tens of nanometers, which is thicker than SWCNTs. Fig. 6 shows the SEM images of MWCNTs with different diameters. Thin MWCNTs with 20 nm diameter ( Fig. 6(a) ) appeared flexible, while thick MWCNTs with 100 nm diameter ( Fig.  6(b) ) appeared needle shaped and different from the thin MWCNTs. In the toxicity evaluation of MWCNTs, such differences in diameter and shape should be addressed. In the cytotoxicity tests, a dose-dependent decrease in the viability or survival rate was reported 74, 78) ; whereas, opposite results, such as lower toxicity of MWCNTs compared to that of SWCNTs 19, 53) or no cytotoxicity of MWCNTs 81, 82) , were also reported. One reason for this difference was that the variation in shape and size of MWCNTs affected water dispersivity, agglomeration, and their effect on the cells. Bottini et al. 80) and Vittorio et al. 95) reported that purified and surface oxidized MWCNTs with acid treatment suppressed cell viability. Wang et al. 96) reported that MWCNTs with smaller diameters showed less cytotoxicity. These results suggest that the cytotoxicity of MWCNTs was strongly affected by their size, purity, and surface conditions. Pertaining to the dependence of toxicity on cell types, Soto et al. 86) reported that macrophages showed similar EC 50 for MWCNTs, asbestos (chrysotile), and CB; in contrast, human lung epithelial cells (A549) showed low EC 50 for MWCNTs compared with asbestos and CB as shown in Fig. 7 . Simon-Deckers et al. 88) also reported higher cytotoxicity for MWCNTs compared with oxide particles, and cellular uptake of MWCNTs was observed. Thus, the toxic effect of MWCNTs for the respiratory system should be an area of concern.
Fig. 7 EC 50 of various nanoparticulate materials for human epithelial cell (A549), human macrophage (THB-1) and murine macrophage (RAW264.7) 86) .
MWCNT-N has smaller diameter (5-30 nm) and larger specific surface area (218 m 2 /g) than MWCNT-R (10-30 nm, 16 m 2 /g).
In the toxicity evaluation of MWCNTs, many reports compared MWCNTs with asbestos because of their similarity in shapes 76, 77, 86, 87, 91) . Muller et al. 76) reported that intratracheally instilled MWCNTs in rats remained in the lungs after 60 days and induced inflammation, fibrotic reactions, and granulomas. The tissue reaction and cytotoxicity of MWCNTs were similar to those of chrysotile.
Poland et al. 87) reported the effect of fiber length on toxicity. As shown in Fig. 8 , unlike short fibers, long fibers of MWCNTs and amosite induced inflammation and granulomas in the abdominal cavity; thus, the tissue response was dependent on the length of such fibrous materials. Takagi et al. 91) administered MWCNTs and crocidolite intraperitoneally to p53 heterozygous mice, which are sensitive to asbestos, and it was observed that MWCNTs induced mesothelioma earlier than crocidolite. These reports suggest that MWCNTs have a toxicity similar to or higher than asbestos. However, MWCNTs are more cohesive than asbestos; thus, agglomerated granules of MWCNTs would be easily generated after instillation or injection into animals. In addition, the exposure to nanomaterials is different from the experimental procedures, e.g., intratracheal instillation or abdominal injection. Therefore, the above toxicity evaluations did not always show the pulmonary toxicity, which may be similar to asbestos.
In an evaluation of environmental influence, Lin et al. 94) evaluated the toxicity for insects (drosophila). MWCNTs showed low toxicity for larval and adult drosophila. Kang et al. 34) reported the microbial cytotoxicity for SWCNTs, MWCNTs, and C60, and the tendency was different between the Gram-positive and Gram-negative microbes. Lin et al. 94) reported that MWCNTs suppress the cell viability of plant cells (Arabidopsis). These results suggest that the environmental influence of MWCNTs should be a concern, especially because mass production of MWCNTs has started in recent years.
Other carbon nanomaterials
Other carbon nanomaterials, carbon nanocapsules, carbon nanofibers (CNFs), and carbon nanohorns, were evaluated for toxicity, as shown in Table 4 . The authors reported on evaluation of toxicity of metal-encapsulating carbon nanocapsules (MECNCs) 100) . Decrease in cell viability and increase in LDH release increased was observed to increase higher than 1 g/mL (ppm) of MECNCs as shown in Fig. 9a. Fig. 9b shows the effect of MECNCs on the cell proliferation of rat fibroblast. The proliferation was suppressed dose-dependently and the effect of MECNCs was the same as that of TiO 2 at 1 ppm. These effects were probably caused by the physical stimulation from the aggregated particles of the carbon nanocapsules. CNFs have a structure similar to MWCNTs. MWCNTs consist of cylindrical graphene sheets that are grown parallel to their long axis; whereas, most CNFs have graphene sheets in a direction not parallel to their long axis. Hat-stacked carbon nanotubes (H-CNFs), which have cone-shaped graphene sheets, were evaluated as having no specific toxicity in the cytotoxicity test and animal experiments 101, 102) . Carbon nanohorns, which are horn-shaped graphene tubules, showed slight cytotoxicity but no mutation, and no stimulation for the eyes, skin, and respiratory tract was observed 103, 104) . Table 4 Toxicity evaluation of other carbon nanomaterials Fig. 8 Comparison with inflammatory and granuroma response for short, tangled and long fibrous materials 87) . The length of MWCNTs are tangled-1=1-5 m, tangled-2=5-20 m, long-1=13 m (mean) and long-2=56 m (max.). 
ACTUAL EXPOSURE OF CARBON NANOMATERIALS COMPARED TO TOXICITY EVALUATIONS
Exposure to nanomaterials usually occurs by inhalation of airborne particles. However, the experimental setup for airborne particle inhalation is difficult. Thus, alternative methods such as the intratracheal instillation of particles suspended in saline droplets have been widely used. However, to understand the difference between the experimental and actual conditions is significant. Recently, animal inhalation tests of airborne CNTs in actual conditions were reported 70, 85, 98) ; the inhalation induced an increase of pulmonary neutrophils, thickening of alveolar walls, and granuloma formation.
Typical amounts of CNTs inhaled in routine working conditions were reported to be less than 1 g/kg/day for SWCNTs (Maynard et al. 105) ) and several g/kg/day for MWCNTs (Han et al. 106) ). In similar inhalation experiments for animals, Ma-Hock et al. 98) estimated the amount inhaled by rats that are exposed to 2.5 mg/m 3 of CNTs in air for 90 days to be higher than 1000 g at the maximum. This value is several times higher than actual routine exposures, thus indicating that the above inhalation tests simulated severe exposure conditions compared to actual conditions. Therefore, it is difficult to estimate the exact toxicity of carbon nanomaterials.
CONCLUSION
Many toxicity evaluations have been conducted for various carbon nanomaterials, and different results have been reported by different methods. In the reports that suggested toxicity of carbon nanomaterials, the experimental conditions of exposure to nanomaterials often generated a higher load than actual exposures. Therefore, it is difficult to specify the exact toxicity of carbon nanomaterials. CNT's resemble asbestos in shape; therefore, a concern with CNTs is that they may have a similar toxicity. However, CNTs are quite flexible compared to asbestos, which has a needle-like shape and stiffness, and the chemical properties are also different. Hence, the toxicity of CNTs should be discussed carefully and separately from that of asbestos. Because the toxicity of carbon nanomaterials has not been deduced or disproven, these materials should be handled like any other hazardous materials under the precautionary principle, and unnecessary exposure to humans and the environment should be avoided.
